Total and free VEGF levels during cycle 1 Conclusions Subclinical MAHA was seen despite using sequential sunitinib with low-dose bevacizumab, and this combination was not feasible for further development. As predicted, VEGF levels increased during sunitinib exposure followed by a rapid decline after bevacizumab. Due to the long half-life of bevacizumab, we expected VEGF ligand suppression through D42, but instead observed a complete rebound in total/free VEGF levels by D42. The increase in VEGF at D42 was unexpected based on sunitinib alone and contrary to the hypothesis that we would block VEGF flare with low-dose bevacizumab. VEGF ligand production may increase as a result of bevacizumab, implying a robust host compensatory mechanism to VEGF signaling pathway inhibition. A greater understanding of the compensatory mechanism would aid future sequencing strategies of new agents.
Keywords Pharmacodynamic · Phase I clinical trial · Sequential combination · Sunitinib · Bevacizumab
Background and introduction
Renal cell carcinoma affects approximately 64,770 Americans, in which multiple agents have recently been approved for treatment with an improvement in overall survival of 26.4 months [4, 5] . Sunitinib is an oral, multitargeted, small-molecule inhibitor of the receptor tyrosine kinases involved in tumor proliferation and angiogenesis. Sunitinib and other tyrosine kinase inhibitors have been approved for the treatment of advanced metastatic renal cell carcinoma and also other solid malignancies [5] [6] [7] . Although sunitinib demonstrated a significant improvement over interferon alfa, the median progression-free survival is still <1 year (11 months) [5] . Despite significant progress in anticancer therapies for both renal cell carcinomas and other solid malignancies, most, if not all, patients eventually develop disease progression and die from their disease. Thus, another strategy is necessary to improve upon the current treatment regimen. VEGF is one of the most potent and specific proangiogenic factors and has been identified as a crucial regulator of both normal and pathological angiogenesis. In vitro models demonstrate that neutralization of VEGF has inhibited the VEGF-induced proliferation of human endothelial cell and results in decreased microvessel density in vivo [8] . Because sunitinib and bevacizumab inhibit different components of the VEGF signaling pathway, it was believed that the combination of these two agents could potentially provide a more effective inhibition of this pathway and thus improve antitumor activity in a superior fashion.
At our institution, we evaluated the use of FLT PET/CT imaging in patients treated with sunitinib malate, in order to further characterize proliferative changes in tumors during the sunitinib exposure and withdrawal [9] . Sixteen patients were treated in two cohorts: eight patients on a 4/2 schedule (4 weeks on, 2 weeks off) and eight patients on 2/1 schedule who completed all three planned FLT PET/CT scans and were evaluable for pharmacodynamic imaging evaluation. During sunitinib treatment, the plasma VEGF ligand levels increased during sunitinib exposure and returned toward baseline during the treatment withdrawal. During sunitinib withdrawal, the FLT PET standardized uptake value (SUV mean ) increased to +15 % in patients on the 4/2 schedule and to +19 % on the 2/1 schedule. In addition, dynamic FLT PET/CT imaging demonstrated similar changes in proliferative rate as the SUV, which implied that FLT PET/CT imaging can be utilized to represent proliferative activity (rather than due to an inflammatory or vascular effect).
There was also a trend that with chronic sunitinib exposure, VEGF levels gradually increase. We observed that the tumor flare was due to the higher VEGF ligand levels and also associated with a shorter progression-free survival. We hypothesize that a compensatory increase in VEGF ligand levels may be a key mechanism for antiangiogenic escape and thus an explanation for treatment failure. By combining bevacizumab with sunitinib in a sequential fashion, we wanted to target further suppression of the VEGF ligand with the administration of bevacizumab during the offtreatment period of sunitinib. Thus, we hypothesize that the sequential administration of these two agents would result in continuous VEGF ligand suppression and hopefully would improve progression-free survival.
Sunitinib has been combined with bevacizumab in two phase I clinical trials for either renal cell carcinoma or other advanced solid tumors in order to maximize the inhibition of VEGF and other proangiogenic factors [10] . In the phase I study evaluating patients with metastatic renal cell carcinoma, sunitinib was given on days 1-28 and concurrent bevacizumab at a fixed dose of 10 mg/kg given every 2 weeks, repeated in 6-week cycles. Although the maximally tolerated dose was found to be sunitinib 50 mg plus bevacizumab 10 mg/kg, chronic treatment resulted in significant hypertension, thrombocytopenia, reversible posterior leukoencephalopathy, and microangiopathic hemolytic 1 3
anemia [10] . The maximum tolerated dose (MTD) was determined to be sunitinib 50 mg and bevacizumab 10 mg/kg, but the dose escalation trial resulted in significant toxicities. Although there was activity with a 4 % complete response and 48 % partial response, the toxicities were significant enough to discontinue further development of the concurrent combination. The use of concurrent treatment with sunitinib and bevacizumab resulted in these adverse events secondary to overlapping toxicities.
The second phase I clinical trial enrolled patients with advanced solid tumors using sunitinib at 25 mg daily for 4 weeks followed by 2 weeks off and bevacizumab given 5 mg/kg on days 1, 15, and 29 of a 42-day cycle [11] . Approximately 18 % of enrolled patients (n = 7 of the 38 patients) had a confirmed partial response with this combination, but 42 % of patients discontinued treatment due to adverse events. Despite a 50 % lower dose of each agent based on the safety signal from the previous clinical trial, there were still notable toxicities of fatigue, thrombocytopenia, and GI symptoms. Fortunately, no thrombotic microangiopathy was noted in this study, but significant toxicities were again noted at the MTD of sunitinib 50 mg in combination with bevacizumab 10 mg/kg.
In order to mitigate these toxicities but still try to capitalize on the anti-VEGF inhibition, we attempted to treat patients with advanced metastatic renal cell carcinoma and other solid malignancies with sunitinib and bevacizumab given in a sequential fashion. Since sunitinib is given on a 4/2 schedule, we attempted to administer bevacizumab on day 29 after completion of the sunitinib therapy. Thus, we hypothesize that the sequential combination of these two agents would increase efficacy while minimizing any overlapping toxicities. We specifically chose a low dose of bevacizumab (5 mg/kg) as it was calculated that this dose should adequately bind free plasma VEGF ligand. We also planned to observe any changes in tumor proliferation and changes in vasculature using novel FLT PET/CT imaging to measure these vascular parameters during active treatment.
In summary, it has been shown that plasma VEGF levels increase with VEGFR TKI therapy and perhaps the upregulation of VEGF eventually results in compensatory sunitinib failure [9, 12] . This may explain why subsequent treatment (or retreatment) with VEGFR TKIs may result in transient clinical benefit [13, 14] . We have shown that the acute VEGFR TKI withdrawal flare during the scheduled treatment break is likely due to upregulated VEGF ligand, which results in a brief period of rapid tumor growth, and that the degree of tumor flare during acute sunitinib withdrawal is inversely related to duration of clinical benefit. Thus, we hypothesize that the degree of the sunitinib withdrawal flare represents the patient's ability to compensate for sunitinib-induced hypoxia by upregulating proangiogenic factors, in particular VEGF, and that patients with a robust compensatory mechanism will experience early treatment failure. This study was designed to test the hypothesis by combining a VEGF-ligand-binding agent (bevacizumab) with sunitinib utilizing a novel sequential strategy to minimize overlapping toxicity and still achieve flare suppression. With additional blockage of the VEGF flare, we hypothesize that this sequential treatment can improve the progression-free survival.
Materials and methods

Patients
Patients with histologically confirmed renal cell or other solid malignancies were eligible for this clinical trial. For patients with renal cell carcinoma, a component of clear cell histology was required. All patients were required to have measureable disease and also PET-measureable disease. Prior treatment with any other VEGF signaling pathway inhibitors was not allowed. Other eligibility criteria included adequate bone marrow (ANC ≥ 1,500/mcL, hemoglobin ≥ 9 g/dL, platelet count ≥ 100,000/mcL), renal (creatinine ≤ 1.5 × ULN or measured creatinine clearance ≥50 mL/min for patients with creatinine levels ≥1.5 × ULN), and hepatic function (AST/ALT ≤ 2.5 × ULN, unless subjects had liver metastases, in which case ≤5× ULN). Patients who required anticoagulation with therapeutic doses of coumarin-derivative anticoagulants or heparin derivatives were not allowed on the study. Patients were excluded for inadequately controlled blood pressure (≥140/90), significant proteinuria, or any history of brain metastases. Patients with a history of an acute cardiac event or those who underwent intervention for coronary disease or stroke in the prior 12 months were not enrolled.
Study design
This was a multicenter, investigator-initiated, phase I clinical trial that implemented a dose escalation portion of increasing sunitinib doses with two cohorts (sunitinib 37.5 mg and 50 mg) in combination with bevacizumab 5 mg/kg. Each cohort consisted of up to 12 patients each. Within each cohort, six patients with renal cell cancer were enrolled in the safety cohort and six additional patients with renal or other solid malignancies were enrolled in the imaging cohort. Once the recommended phase II dose was determined and identified, an additional 15 evaluable patients with renal cell cancer were to be enrolled for further safety evaluation (Fig. 1) . We specifically targeted the renal cell cancer patient population for the recommended phase II dose cohort in anticipation of obtaining additional safety data for the use of this novel sequential strategy in the treatment for kidney cancer.
Based on the previous clinical trials evaluating sunitinib plus bevacizumab in both renal cancers and advanced solid malignancies, there were significant toxicities when these two agents were given concurrently, and thus, the combination was not tolerable [1, 2, 10] . This clinical study was designed with a novel sequential strategy in order to reduce toxicities from overlapping side effects of each individual agent.
Based on a previously conducted trial evaluating FLT PET/CT imaging in patients with renal cell and other solid malignancies treated with sunitinib alone, we demonstrated that the temporary discontinuation of sunitinib did result in a proliferative flare ranging from +40 to 180 % (mean 85 %) [3] . In this prior study evaluating FLT PET/CT imaging in patients with solid malignancies, the tumor flare phenomenon was seen and demonstrated across multiple various tumor types. The degree of flare appeared to correlate with early treatment failure (e.g., higher flare resulted in shorter progression-free survival). Thus, we designed this clinical trial using similar patient populations to evaluate the changes in the flare with the addition of a VEGFligand-binding agent such as bevacizumab.
Treatment and dose escalation plan
Treatment was administered in 42-day cycles, during which patients were given sunitinib daily for 4 consecutive weeks (days 1-28) followed by 2 weeks of rest (drug holiday) with no sunitinib. Bevacizumab was given by intravenous infusion on day 29. Each cycle was defined as a six-week period. Two cohorts were planned during this clinical trial. Patients in the first cohort were given sunitinib 37.5 mg and bevacizumab 5 mg/kg. At least six patients with renal cell cancer were enrolled in cohort 1 for safety and toxicity assessment. If no significant toxicity was observed after three cycles of observation, then cohort 2 would accrue patients. Patients in the safety cohort with tumor-targeted lesions amenable to FLT PET/CT imaging were to be concurrently enrolled onto the imaging cohort for PET/CT analysis. If the dose was deemed to be safe and tolerable, then patients would be enrolled in cohort 2 of sunitinib 50 mg and bevacizumab 5 mg/kg.
Patients were evaluated for adverse events on the basis of National Cancer Institute Common Terminology Criteria for Adverse Events (CTCAE) version 4.0. Escalation to cohort 2 was based on safety evaluation of cohort 1 after three cycles of observation. In contrast to the other combination trials evaluating sunitinib and bevacizumab, we chose to observe patients for a longer period of time in order to assess for dose-limiting toxicities (DLTs). Due to the observation of microangiopathic hemolytic anemia (MAHA) occurring in a previous phase I clinical study evaluating the combination in advanced renal cell carcinoma, there was concern about duplicating similar toxicities [10] . Because MAHA was noted to occur during cycle 3, we proposed to extend the observation period for safety and toxicity for three cycles.
Dose-limiting toxicity (DLT) is defined as probably or definitely related to sunitinib or bevacizumab. Hematologic DLTs included grade ≥3 neutropenia for ≥7 days or neutropenic fever, and grade ≥3 thrombocytopenia. Nonhematologic DLTs included symptomatic hypertension with BP > 150/100, grade 4 hypertension, or uncontrolled hypertension (SBP > 160/100) despite maximal antihypertensive medications, or any grade thrombotic microangiopathy. During cycle 1 of therapy, grade 2 subjective intolerable or grade 3 gastrointestinal toxicity despite maximal use of supportive measures or any other grade ≥3 toxicities (except alopecia) related to treatment with sunitinib or bevacizumab was also considered DLT.
Antitumor activity assessment
Response was assessed by Response Evaluation Criteria in Solid Tumors version 1.1 every even cycle of therapy [15] . In addition to a baseline scan, confirmatory scans were also obtained 4-12 weeks following initial documentation of objective response.
Sample collection
Plasma for VEGF and bevacizumab PK was obtained each cycle on day 1 prior to dosing and on day 29 prior to bevacizumab administration and 4 h after the dose. At each time Fig. 1 Schema for dosing and imaging. Each cycle consisted of sunitinib given on days 1-28, and bevacizumab given on day 29. PET scans were performed only during cycle 1 at baseline, prior to the bevacizumab dose, and on day 42 (prior to sunitinib dose) point specified, two 4-mL purple top (EDTA) vacutainers were collected for VEGF analysis and two 4-mL purple top (EDTA) vacutainers were collected for bevacizumab analysis. Plasma was separated by centrifugation at approximately 1200 g × 15 min, aliquoted into two cryovials, and stored at −70 °C until analysis.
Detection of free and bound VEGF Plasma was immunodepleted using Protein G-Sepharose 4 Fast Flow beads (GE Healthcare, Piscataway, NJ) as has been described previously [16] . The beads were prepared by washing twice with phosphate-buffered saline (PBS), and a slurry (50 % v/v beads in PBS) was made. Two hundred microliters of plasma was incubated with 100 μL of the Protein G-Sepharose bead slurry for 4 h at 4 °C. After centrifugation to pellet the beads, 200 μL of the plasma supernatant was removed and another 100 μL of the Protein-G Sepharose slurry was added. Samples were incubated overnight at 4 °C. Two hundred microliters of plasma supernatant was removed from each tube after centrifugation and analyzed for VEGF using the human VEGF Quantikine ELISA kit (R&D Systems, Minneapolis MN), following the instructions of the manufacturer. In parallel, plasma was subjected to the same treatment, substituting 50 μL of PBS for the Protein-G Sepharose slurry, for analysis of VEGF levels without immunodepletion. Each sample was analyzed in duplicate using the VEGF ELISA described above.
Detection of free bevacizumab
An ELISA was developed to detect free bevacizumab (bound to zero or one molecule of VEGF), using the protocol described by Ternant et al. [17] with some modifications. High-binding 96-well ELISA plates (Grainger BioOne, through VWR, Radnor, PA) were coated with 100 μL of 0.15 mg/ml VEGF 165 peptide (R&D Systems, Minneapolis MN) in a 50 mM carbonate/bicarbonate buffer, pH 9.6, overnight at 4 °C. Plates were washed four times with 200 μL PBS with 0.05 % Tween 20. Blocking was performed for 2 h at room temperature with 200 μL PBS with 1 % BSA, after which the plates were washed as described. One hundred microliters of PBS with 1 % BSA was added to each well, followed by addition of 100 μL of samples, standards, and QC samples, all of which were first diluted 1:500 in PBS with 1 % BSA. Plates were incubated for 1 h at 37 °C and then washed as described. One hundred microliters of a peroxidase-conjugated rabbit anti-human IgG Fc fragment-specific secondary (Jackson ImmunoResearch, West Grove, PA) diluted 1:100,000 in PBS with 1 % BSA was then added, and plates were incubated for 1 h at room temperature. After washing, the HRP was developed by adding 100 μL TMB (Sigma-Aldrich, St. Louis, MO) to each well and incubating in the dark for 8 min. One hundred microliters of 1N sulfuric acid was added to stop the reaction, and plates were read at 450, with wavelength correction at 540. A blank reading was also subtracted. All samples, standards, and QCs were assayed in duplicate, and results were rejected if CV values were greater than 20 %.
Assay validation
For the bevacizumab assay, intraday and interday variability testing was performed by running the standard curve and three QC samples (high, medium, and low concentrations) at least three times on the same and different days. The standard curve was created using concentrations of 250, 100, 50, 20, 10, 3, 1, and 0 mg/L, and QC samples used were as follows: high, 75 mg/L; medium, 30 mg/L; and low, 5 mg/L. Accuracy for QC samples ranged from 94 to 122 % for the low sample (average 114 %), 90-105 % for the medium sample (average 94 %), and 83-99 % for the high sample (average 91 %), with average CVs under 10 %. For the commercial VEGF assay, interday variability testing was performed by running the standard curve at least three times on different days. The standard curve was generated following the instructions of the manufacturer. The average percentage recovery for all points on the standard curve was 102 %, with the CV averaging less than 10 %.
Statistical analysis
The primary objectives were to assess both the safety and objective response rate of sequential sunitinib with bevacizumab or sunitinib malate alone at the pharmacodynamically active dose suggested by the phase I study in the clear cell kidney cancer patient group. The secondary objectives were to assess the pharmacodynamic change in SUV peak and tumor perfusion using FLT PET/CT scans at baseline, during sunitinib exposure, and during bevacizumab exposure (during sunitinib withdrawal period), and to characterize changes in the total and free VEGF levels in patients treated with sequential sunitinib with bevacizumab or sunitinib malate alone. Due to early termination of the trial, only six patients were enrolled on the trial and no FLT PET/CT imaging results were obtained. The plasma VEGF levels were summarized using descriptive statistics such as the mean and standard deviation (SD) for each assessment time point.
Results
This study enrolled six patients with advanced renal cell carcinoma in the first safety cohort of sunitinib 37.5 mg with bevacizumab 5 mg/kg from November 1, 2010, until November 29, 2011 (see Table 1 ). A total of 20 cycles (median 2 cycles per patient) were administered to all six patients who were evaluable for toxicity and response. At best response, two patients had a partial response, three patients exhibited stable disease, and one patient had disease progression with sequential treatment of sunitinib plus bevacizumab.
Safety and tolerability
The most frequently reported adverse events for all patients included fatigue, mucositis, diarrhea, hypertension, handfoot syndrome, diarrhea, constipation, and nausea/vomiting. All adverse events were grade ≤3 (see Table 2 ).
One patient experienced asymptomatic grade 1 MAHA, which occurred during cycle 2 of treatment with sunitinib 37.5 mg in combination with bevacizumab 5 mg/kg. She was noted to have thrombocytopenia with evidence of anisocytosis, poikilocytosis, and schistocytes. Her haptoglobin was noted to be 15 mg/dL (decreased from 179 mg/dL). The thrombocytopenia recovered after 8 days with the resolution of haptoglobin, schistocytes, hemoglobin, and thrombocytopenia back to normal limits.
No deaths occurred during treatment on this clinical trial. Based on prior clinical studies of sunitinib plus bevacizumab that demonstrated MAHA, the design of this clinical trial utilized conservative monitoring of any hematologic toxicities. The development of MAHA on this trial warranted a discussion with the Cancer Therapy Evaluation Program (CTEP). Based on the high percentage of MAHA (25 %) in other studies using these agents, and the development of MAHA on our study, the consensus opinion was that the sequential strategy of using sunitinib plus bevacizumab was not feasible or tolerable [10] . Therefore, the trial was closed to further accrual. No imaging scans were obtained due to early closure.
Response
Of the six patients who were treated on this clinical study, two patients had a partial response, and three patients had stable disease at best response. The most common reason for discontinuation of treatment was disease progression (n = 3), MD discretion (n = 1), patient wishes (n = 1), and toxicity (n = 1). One patient is still being treated on this clinical study with sunitinib alone, as the protocol was amended to allow for standard of treatment with sunitinib.
VEGF
Our previous work demonstrated that the tumor flare seen with sunitinib is mediated by increased plasma VEGF levels and that patients with a larger flare were less likely to benefit from sunitinib. This study sought to ameliorate the tumor flare by administering low-dose bevacizumab after sunitinib. We evaluated the levels of free and bound VEGF at baseline, on day 29 after 28 days of sunitinib administration and prior to bevacizumab, and on day 29 4 h after bevacizumab administration to evaluate whether low-dose bevacizumab would be adequate to block the VEGF ligand.
As expected, there were significant increases in free VEGF levels with subsequent cycles of therapy, suggesting that sunitinib administration increases both free and total VEGF (see Table 3 ). We also noted a significant decline in VEGF levels 4 h after the dosing of bevacizumab. In cycle 1, bevacizumab administration was able to decrease both free and total VEGF from 103 and 150 pg/mL on day 29 prior to bevacizumab administration to 3 and 10 pg/mL 4 h after administration, respectively. We also observed that the initial decline in free and bound VEGF 4 h after bevacizumab administration was greatest during the first cycle, with significant increases in post-bevacizumab free and bound VEGF in cycles 2 and 3 compared with cycle 1. Additionally, by day 42, both free VEGF and total VEGF were significantly higher than at baseline and similar to pre-bevacizumab levels on day 29.
Discussion
The use of antiangiogenic agents has been an area of rapid development, with new agents being developed and approved by the FDA for the treatment of multiple solid malignancies. Although each subsequent generation of VEGFR TKI is more potent and deemed to be more efficacious than the previous generation, the unfortunate reality is that patients still develop disease progression on these agents and ultimately die of their disease. Combination trials with VEGFR TKIs and bevacizumab have been performed with the hope of increasing the efficacy and enhancing antitumor activities. However, two phase I trials using sunitinib plus bevacizumab in concurrent combination demonstrated significant cardiovascular and hematologic toxicities. Although some patients experienced partial responses and even one complete response, the concurrent combination of sunitinib plus bevacizumab was deemed to be too toxic for further development [10, 11] .
Based on our experience with sunitinib, we hypothesized that sunitinib treatment failure was due to a compensatory increase in VEGF ligand, thus driving the tumor proliferative flare during sunitinib withdrawal. By altering the dosing strategy to sequential, we hoped to suppress the VEGF ligand levels by a sequential addition of bevacizumab during the sunitinib withdrawal period. Thus, with continued suppression of VEGF levels, we hypothesized that the proliferative flare seen in the sunitinib withdrawal period would be muted, resulting in an improved clinical benefit and efficacy such as a prolonged progression-free survival. Unexpectedly, this clinical trial definitively disproved our hypothesis that continued VEGF suppression would occur with the sequential combination of these two agents, as VEGF levels continued to rise with subsequent and continued treatment with sunitinib and bevacizumab.
In this clinical trial, we observed three specific features of the sequential treatment using sunitinib plus bevacizumab: potential efficacy of this sequential combination, safety of this treatment design, and further establishment of the pharmacokinetics of sunitinib and VEGF levels. Although only six patients were enrolled in this clinical study, we found several interesting features that potentially can shape future design of clinical trials and other studies involving VEGFR TKIs. Although this is an extremely small and limited sample size, we believe that our findings are hypothesis generating and can spark further discussion and exploration for the drug development of future tyrosine kinase inhibitors.
In terms of clinical outcomes, four patients on the study had a partial response with two patients having stable disease (67 % overall response rate), which is similar and consistent with the known objective response rate of sunitinib at 31 % as previously published [5] . However, we acknowledge that due to the low sample size, we are unable to document any statistical significance of the efficacy.
In the sequential use of sunitinib with bevacizumab, we noted toxicities that were similar to those seen in treatment with each individual agent such as hypertension, proteinuria, palmar plantar erythrodysesthesia, and diarrhea. All of the adverse events were ≤ grade 3, and thus, the sequential use of sunitinib plus bevacizumab appeared to be tolerated well by the six patients on study. Subclinical MAHA was seen in one patient despite using the sequential strategy of sunitinib with low-dose bevacizumab. Based on the clinical protocol criteria, the patient did not meet any specific criteria for discontinuation from the study, especially in light of the fact that she remained asymptomatic. Although this more rational approach toward combining these two agents sought to reduce the risk of developing MAHA, and the single patient was completely asymptomatic during treatment with both agents, this combination was deemed not to be feasible for further development. In one phase I clinical trial with concurrent sunitinib plus bevacizumab, five out of 26 patients (19 %) developed MAHA with schistocytes on peripheral smear, and two patients on the study were symptomatic with neurologic symptoms and symptoms consistent with microangiopathic hemolytic anemia [10] . On the other hand, another phase I clinical trial with sunitinib plus bevacizumab did not note any evidence of MAHA [11] . It was hypothesized that in the clinical trial that treated only patients with renal cell carcinoma (rather than all solid malignancies), there may be some components associated with metastatic renal cell carcinoma that may predispose to the development of MAHA. Our clinical trial may give support to this hypothesis, but further evaluation would be required to make this conclusion. Given the history of MAHA in patients treated with the sunitinib and bevacizumab in other dosing strategies, we elected to discontinue this patient from further treatment and halted further accrual to this study. Thus, this combination is not feasible for further development due to safety concerns.
In our patient with MAHA, there was evidence of schistocytes on the peripheral blood smear, a significant decline in the haptoglobin level, as well as anemia. However, the patient was completely asymptomatic during the course of therapy. Other patients enrolled on the study were closely monitored for signs and symptoms of MAHA, and no other patients developed hemolytic anemia. No additional peripheral smears were obtained on other enrolled patients as they did not exhibit signs and symptoms of MAHA.
Lastly, we also evaluated the changes in VEGF levels as a result of treatment with sunitinib and bevacizumab. Because of the long half-life of bevacizumab of 20 days, we expected and hypothesized that VEGF ligand suppression would be long-lasting and thus should persist beyond each 42-day cycle. We hypothesized that with continued suppression of VEGF, the VEGF levels should continue to decline over a prolonged period of therapy using the sequential strategy. As predicted, the VEGF levels declined dramatically immediately after treatment with bevacizumab during each cycle of therapy. Measuring the VEGF levels at 4 h after the bevacizumab infusion demonstrated the significant decline. However, we found a complete rebound in total and free VEGF levels by day 42 of the first cycle. In fact, the VEGF levels returned at a higher level than at the baseline. Another intriguing finding is that the robust rebound of VEGF levels not only was seen during the first cycle of therapy, but it appeared to be persistent and increasing with each subsequent cycle. The increase in VEGF levels appeared to occur in a stepwise fashion, with each cycle having a higher VEGF level at the start of treatment (day 1 of each cycle) when compared with day 1 of the previous cycle.
It is unclear what the precise mechanism is by which VEGF ligand production may increase as a result of treatment with bevacizumab. We believe that there is a robust host compensatory mechanism to VEGF signaling pathway inhibition, but this is a field that warrants further discussion and evaluation. One explanation for the increasing VEGF levels is that this may be due to an increase in VEGF synthesis in these patients. In the original phase I trial of bevacizumab, increases in serum total VEGF concentrations were also seen, and it was attributed to an increase in VEGF synthesis and distribution [18] .
Another potential hypothesis is that the host compensatory mechanism could also affect other proangiogenic factors in the host that we have not evaluated in this particular clinical trial. In a mouse model, Ebos et al. [19] demonstrated that there were also other plasma proteins with elevated levels during treatment with sunitinib, suggesting systemic collateral or indirect drug effects. In addition, these other plasma proteins include cytokines or chemokines that have been implicated as having proangiogenic activities such as granulocyte colony-stimulating factor (G-CSF), stromal-derived factor 1α (SDF-1α), and osteopontin. Thus, measuring other angiogenic factors during therapy would be worthwhile.
Both the free and total VEGF levels were measured during the course of therapy for all enrolled patients, and we found that the free and total VEGF levels mirrored each other in terms of the rise during each time point of treatment. We believe that these levels do not need to be measured separately, but that measuring the total VEGF level is sufficient in elucidating the changes in pharmacokinetics of VEGF and changes during therapy.
A limitation of the study is the small number of patients that were enrolled prior to study closure, which prevents any definitive conclusions to be made. Due to the small number of patients, we were unable to correlate changes in the VEGF levels with tumor response. However, we believe that VEGF levels could potentially be used as a biomarker and warrant further study in future trials. We also hoped to correlate changes in the VEGF levels with FLT PET/CT imaging for further elucidation of this phenomenon. Investigators of a sunitinib trial used FLT PET/CT imaging to demonstrate that nearly all patients had some initial reduction in tumor proliferation by FLT PET/CT after 4 weeks of sunitinib treatment [9] . During the treatment break, patients experienced a relative increase in FLT uptake consistent with an increase in tumor proliferation during the treatment withdrawal period. Although we had initially planned to perform FLT PET/CT imaging on patients using this sequential combination, this study was closed to accrual prior further evaluation on the pharmacodynamics aspect of this trial. However, correlation of VEGF levels with PET/ CT imaging could potentially provide additional information to further elucidate this phenomenon.
